Abstract-The future circular collider (FCC) is foreseen as the next-generation ∼100-km long synchrotron to be built in the Geneva area starting 2050. This machine is expected to reach an energy level of 100 TeV generating unprecedented radiation levels >100 times higher than in today's large hadron collider (LHC). Current radiation monitoring system, like the RADMONs employed in the LHC, will not be capable to function and withstand this harsh environment. The development of a new ultrahigh fluence and dose radiation sensor is a key element to allow irradiation tests of FCC equipment and, at a later stage, to monitor radiation levels in the FCC itself. In this paper, we present an innovative dosimetry solution based on thin layers of metals, which resistivity is shown to increase significantly due to the accumulated displacement damage. After describing the fabrication techniques used to manufacture these radiationdependent resistors, we show and discuss the results of the irradiation experiments carried out with neutrons (up to 10 18 n/cm 2 at the JSI TRIGA reactor) and with protons (up to 5.2 × 10 16 p/cm 2 at CERN IRRAD Facility) to validate the proposed concept of possible ultrahigh fluence FCC dosimeter.
certain sections of the FCC tunnel [1] , and exceed several tens of MGy (with >10 17 particles/cm 2 ) inside the FCC experiments [2] . These estimations correspond to factors of 1000 (and 100) with respect to the expected conditions at LHC and high-luminosity LHC (HL-LHC), respectively [3] . To withstand such a harsh radiation environment, special materials and technologies are required. This implies strict components selection and development of custom qualification protocols taking into account possible dependencies of the radiation response to different technologies [4] .
A survey of state-of-the-art solid-state devices for radiation measurement showed that the current existing technologies are not capable of integrating such radiation levels, as well as of providing feasible solutions to build an online radiation monitor fulfilling the FCC requirements. For these reasons, a completely novel dosimetry technology is under development as potential solution for ultrahigh particle fluence monitoring. The proposed innovative solution consists of thin-film metal structures, for which the resistivity varies according to the integrated particle fluence. The sensitivity to displacement damage can then be trimmed by varying geometrical (thickness, width W , and length L) and physical (material) properties of the thin layers. The microfabrication of the devices was carried out at the Centre of Micronanotechnology (CMi), Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland, and specific high-fluence irradiation tests, with high-energy neutrons and protons, have been performed in facilities at CERN, Geneva [5] , and the Jožef Stefan Institute (JSI), Ljubljana, Slovenia [6] . This paper is structured as follows. Section II gives an overview of the existing solid-state dosimeters as well as a description of the proposed dosimetry technology. Section III covers the Monte Carlo simulations covering the calculations of radiation damage on metals. Section IV describes the device fabrication and printed-circuit board (PCB) production, as well as different irradiation tests. Section V focuses on results of the irradiation tests. Section VI covers the discussion and Section VII gives conclusions and outlines future work.
II. DOSIMETRY TECHNOLOGY
Current solid-state dosimeters employed at the high-energy physics experiments at the CERN LHC and in the accelerator tunnel itself are based on the so-called RADMON devices (PH-RADMON, developed within the CERN Physics (PH) Department targeting the needs of LHC experiments [7] and LHC-RADMON for the tunnel areas [8] ). These radiation 0018-9499 © 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. monitoring systems are assembled with several specialized sensors, each capable of monitoring different types of radiation with different sensitivities and dynamic ranges [9] . As listed in Table I , RadFETs are used for measuring ionizing radiation by means of the increase of their threshold voltage due to charge trapping in the thick gate oxide. Selected p-i-n diodes are instead used for measuring fluence levels by correlating them with the increase of forward voltage due to displacement damage induced in the thick silicon base. For both technologies, the key parameter is the thickness of the active layer, which directly affects the sensitivity and the operational range of the dosimeter (RadFETs with gate oxide thickness between 0.13 and 1.6 µm, and p-i-n diodes with base thickness between 210 to 1000 µm [9] ).
For the FCC, the maximum expected integrated dose and fluence over ten years of operation are shown in Table II . These values can be compared with the range covered by the PH-RADMON sensor in Table I . The noticeable limitation of the technology currently employed in the LHC, and the clear absence of any other adequate radiation monitoring device for fluence monitoring (as depicted in Fig. 1 ), has pushed toward the research and development of a novel technology. At first, our focus has been on technologies for ultrahigh fluence monitoring to upgrade the current PH-RADMON and cover the whole FCC operational range from >10 15 particles/cm 2 up to 3 × 10 17 particles/cm 2 . The innovative approach has been to exploit thin layers of metal instead of silicon, like in current nonionizing energy loss (NIEL) dosimeters [10] . Such choice was driven by the fact that submicrometer thin layers of metals are known to be less sensitive to low particle fluences (where silicon layers would be), but at the same time, sensitive to very high fluence, where structural and electrically observable effects occur. Such property variations like changes in the material stiffness, generation of internal voids, surface swelling, and other, have been documented in [11] [12] [13] . In fact, displacement damage in metals is a known effect extensively studied in the past while developing materials and technologies for nuclear power plants [14] and space applications [15] . In the core of nuclear reactors, the particle flux can easily exceed 10 15 n/cm 2 /s, drastically increasing the probability of having atoms knocked from their initial positions in the crystal structures. This effect is usually expressed in units of displacement per atom (DPA). The DPA accounts for how often atoms in an irradiated material are displaced due to an impinging particle (see Section III).
Several studies were made to correlate the number of vacancies and interstitials produced by the nonionizing radiation with the change electrical resistivity of the material [16] [17] [18] . Similar resistivity measurements were also used for the characterization of metals irradiated in reactors. The resulting experimental data have shown that the resistivity increase as function of particle fluence can be expressed by two specific components: one log dependent, as result of the creation of defects in the lattice due to fast neutrons, and one linear as result of the transmutation mainly due to thermal neutrons [19] .
Our proposed idea is therefore to profit of the resistivity variation in metals when exposed to high particle fluence, and to accomplish the FCC operational range and sensitivity requirements, by varying the dosimeter geometry (W , L, and thickness), using thin-film technologies.
The proposed sensor shown in Fig. 2 , hereafter called radiation-dependent resistor (RDR), was made by sputtering thin layers of metal on silicon wafers and consecutive lithography and etching, into "serpentine-shaped" resistive structures covering an area of 3 × 3 mm 2 , as schematized in Fig. 2(c) . The selected materials for the produced RDRs were aluminum, chromium, and copper.
As shown in Table III , these three metals differ by their atomic number, as well as by their different crystallographic systems (body-centered cubic (bcc) chromium and facecentered cubic (fcc) copper and aluminum) [20] . Both characteristics have a strong impact on the defects production efficiency. The former because higher atomic number implies a greater amount of atoms thus increasing the interaction probability, the latter because fcc metals have a more compact lattice structure, consequently generating greater clusters, than the more open lattice of bcc metals [18] . More practically, the metals (aluminum, chromium, and copper), were chosen also for their suitable properties for microfabrication, such as self-passivating, good adhesion with SiO 2 -covered substrate, bondability (Al on Cr for wire-bonding pads), availability as targets for the sputtering machine, and also their relatively low level of induced radioactivity with respect to metals with even higher atomic number [21] . Table III also enlists the results obtained from radiation damage simulations, discussed in Section III.
III. SIMULATION DETAILS
Prior the realization of the first RDR prototypes, simulations were performed in order to assess the amount of displacement damage induced by extreme particle fluence in the different selected materials. Popular simulators used for calculating the radiation-matter interaction, such as SRIM [22] , could not be used due to their intrinsic limitation to ions of energies below 2 GeV (high-energy protons in IRRAD are at 23 GeV, see Section IV-D), but also due to a nonconvergence in targets where the nuclear interaction length is much smaller than the target thickness. For these reasons, the FLUKA Monte Carlo tool [23] , [24] has been used. The FLUKA scorecard used for the DPA calculation is DPA-SCO [25] , and it accounts for every atom displaced from its initial location in the lattice, due to a primary or secondary impinging particle which recoil energy is higher than the lattice binding energy. For solving this calculation, FLUKA uses the theory of Norgett et al. [26] , where both displacement efficiency and lattice displacement energy are taken into account. While the RDR sensors, as previously described, have a size of 3 × 3 mm 2 with a thickness of either 500 or 1000 nm, the target chosen for the simulation is of 1 × 1 mm 2 and 100 µm thickness, to reach faster convergence. In the end, the DPA has been normalized per incoming particle (n 0 and p + ) per cm 2 . Table III lists these simulation results in terms of total DPA integrated over the entire irradiation spectrum (for neutrons, the one of the central irradiation channel of the JSI TRIGA nuclear reactor, and for protons the one of the IRRAD Proton Facility. See Sections IV-C and IV-D). From the simulated data, there was no straightforward conclusion on which material could offer better performance as dosimeter. For this reason, we decided to follow an empirical approach for this paper, by producing and characterizing metal nanostructures with irradiation experiments.
IV. EXPERIMENTAL DETAILS

A. Device Fabrication
The devices discussed in this paper have been fully fabricated in the cleanroom facilities of CMi, EPFL, Lausanne [27] .
A total number of five 100-mm diameter wafers were produced varying the metal type (Al, Cr, and Cu), and the metal thickness (500 and 1000 nm), as shown in Fig. 2(c) . Up to 300 devices were obtained on each wafer, but this number could be increased to 3000 by removing the test structures and covering the whole wafer area. The single die size was 3 × 3 mm 2 designed to be compatible with the hosting (PCB) shown in Fig. 3 and described in Section IV-B. The chosen "serpentine-shaped" layout of the chips shown in Fig. 2(a) and (b), allowed obtaining, in a limited area, resistance values ranging from few ohms to several kiloohms by increasing the number of fingers (2 to 51) and by varying their width W (from 2 to 50 µm) while keeping a fixed length L of 3 mm. At the end of the fabrication process, the wafers have been diced and a set of dies has been measured using a probe station at CERN. The selected dies have been wire bonded (following a four-wire readout schema) on the FCC-RADMON PCB to allow online measuring of the resistance variation while testing at different irradiation facilities.
B. Sensor Carrier for Ultrahigh Fluence Experiments
For compatibility reasons, the newly made PCB-targeting FCC-fluence levels, shown in Fig. 3 , follows the same layout of the integrated sensors carrier [28] currently employed for the PH-RADMON installed in the LHC experiments (from which the name FCC-RADMON was chosen), and it mainly differs by the chosen substrate material. This upgrade over standard FR4 PCBs was needed after experiencing surface corrosion during another irradiation test with a high proton fluence exceeding 2 × 10 16 p/cm 2 in the IRRAD Proton Facility. The new selected material is a halogen-free and low-phosphorus content substrate produced by Doosan (DS-7402) [29] . The FCC-RADMON PCB offers space for bonding up to four 3 × 3 mm 2 and one 5 × 5 mm 2 chips, along with several positions for discrete through-hole and surface mount device components (such as an on-board negative temperature coefficient (NTC) sensor) In the PCB configurations shown in Fig. 3 , five RDRs were mounted and wire bonded on each PCB following a four-wire measurement schema. (RDR initial values are listed in Table IV .) The connection is then performed with a 12 channel IDC cable using the same ERNI connector as the current PH-RADMON system [7] . Until now, the produced PCBs have been successfully irradiated up to 1 × 10 18 neutrons/cm 2 in a TRIGA nuclear reactor and >5 × 10 16 protons/cm 2 with a collimated 23-GeV proton beam, without showing any failures.
C. Neutron Irradiation at Jožef Stefan Institute
The produced RDRs were first tested in a neutron irradiation experiment at the TRIGA MARK II Nuclear Reactor of JSI, Ljubljana [30] . In about 40 hours, over five days of irradiation, a total neutron fluence of 1 × 10 18 n/cm 2 has been reached in the central channel (CC) of the reactor, operated at a power of 250 kW. A photograph of the reactor pool is shown in Fig. 4(a) . The broad neutron spectrum of the reactor is well characterized and stable during operation [6] . The following value has been used as reference flux for the CC at 250 kW: 7.2 × 10 12 n/cm2/s calibrated using standard silicon diode dosimeters before starting our irradiation. Two FCC-RADMON boards, like the one in Fig. 3(a) , taped with Kapton back to back, were inserted in a standard aluminum cylindrical sample holder to ensure mechanical protection during the insertion in the irradiation channel. Using two 12-channel IDC cables, the RDRs were connected to a test-bench located on the platform of the reactor, allowing an active readout of ten RDRs during the whole irradiation period (although a failure of the cable in the final stage of the irradiation limited the sampled data up to 9.4×10 17 n/cm 2 ). These resistance measurements have been performed using a dedicated LabVIEW test-bench controlling an Agilent 34970A equipped with a 34901A switch matrix and a Keithley 2410 Source and Measure Unit (SMU). The switch matrix allowed to address each of the RDR under test and to connect them to the SMU for the four-wire measurement to take place.
D. Proton Irradiation at CERN-IRRAD
Starting from June 2017, two similar FCC-RADMONs mounting the same set of previously described RDRs and an extra NTC temperature probe [ Fig. 3(b) ] are being irradiated at the CERN Proton Irradiation Facility IRRAD [5] . As for the previously mentioned irradiation experiment, also in this case a dedicated LabVIEW test-bench was installed to allow an online monitoring of the RDRs resistance variation. After preparing the FCC-RADMONs on a cardboard holder, they were installed inside the IRRAD Proton Facility, as shown in Fig. 4(b) .
The irradiation is performed with a Gaussian (σ ∼ 10 mm) pulsed 23-GeV proton beam extracted from the Proton Synchrotron accelerator. Each spill, sent every 10 s, has a typical duration of 400 ms and contains on average ∼5 × 10 11 p/spill. Such flux allows reaching the HL-LHC required maximum fluence of 1.5 × 10 16 n/cm 2 in less than two weeks, while Resistance variation from the initial value in percentage versus the integrated neutron fluence, for each RDR with 0.5-and 1-µm thickness, on PCB1 and PCB2. The negative peaks correspond to the overnight ON-OFF-ON transitions of the reactor induced by abrupt changes in temperature. The void before 8 × 10 17 n/cm 2 is due to data loss during acquisition while the interrupted curves toward the end of the irradiation are probably due to a failure of the cable at 9.4 × 10 17 n/cm 2 . it takes about an entire year (∼10 months) of continuous irradiation to reach the final FCC fluence of 2.8 × 10 17 n/cm 2 .
The dosimetry over such long irradiation experiment is performed by interposing pure aluminum foils in front of the FCC-RADMONs under irradiation [as shown in Fig. 4(b) ] and replacing them every two weeks. Afterward, a gamma spectrometry of the irradiated foil allows estimating the proton fluence by counting the 22 Na activity in the foil as result of spallation reactions induced by the 23-GeV proton beam [31] .
Even though the irradiation experiment will continue till the end of the 2017 CERN accelerators run, the preliminary data collected during three months, between June 7, 2017 and September 7, 2017, is shown and discussed in this paper. In such period a total proton fluence of 5.2 × 10 16 p/cm 2 was reached.
V. IRRADIATION TEST RESULTS
A. Neutron Irradiation at Jožef Stefan Institute
The two FCC-RADMONs were inserted inside the CC before turning ON the reactor and measurements of every dosimeter were taken every minute. In Fig. 5 , the change in resistance of all the measured RDRs is shown against the increasing total integrated neutron fluence. Only data points sampled when the reactor was ON are plotted.
All devices have shown a significant change with resistance values increased by 5% for the chromium samples, and up to 30% for the aluminum samples. However, such abrupt rise of resistance is not only induced by displacement damage, but mainly by the temperature variation in the irradiation channel. This correlation with temperature can clearly be seen in Fig. 6 , where the temperature variation of the reactor fuel (dotted line) sampled over 120 hours, has been compared with the signal from the measured RDRs. The intermittent sudden decreases (and increases) in resistance value perfectly correspond to the points when the reactor was being driven from full power to zero (and back). Unfortunately, in this experiment, the FCC-RADMON boards did not include a temperature sensor due to the limited number of available channels on the PCB (12 total channels: ten used for V sense and V force of five RDRs and two channels for shared GND sense and GND force ). For that reason, successive measurements were performed in the same channel using a PT100 sensor contained in a similar aluminum cylinder. This test, performed during 2 hours of operation at full power, has shown an inner channel temperature rising from about 25°C to >65°C rapidly after reaching reactor criticality. Also a temperature drift of about 0.5°C/h (with reactor at full power) has been observed. Such temperature variations are clearly affecting the resistance value of all the RDRs, as visible in Fig. 5 (negative spikes), and in Fig. 6 (the square wave, corresponding to the overnight shutdowns of the reactor). While the damage was not permanent for the aluminum and chromium samples, where the overnight annealing lead to almost full recovery, the copper RDRs (Cu-0.5u and Cu-1.0u of PCB1) have shown a very promising result. As observable in Fig. 6 , no loss in the monitored dosimetry quantity is occurring once the reactor restarts. This is further confirmed, by the overnight almost-flat plateau (longer segments between square waves), where no considerable annealing is occurring. In fact, the resistance value goes back to the value it was before the night stop, and continues then to grow with increasing fluence.
At the end of the irradiation week, the two copper RDR devices have shown an overall increase of resistance of 16.5% and 13.5% with respect to their initial values. Such increase was substantially higher during the first hours of irradiation (up to 1 × 10 17 n/cm 2 ), where the sensitivity of the two copper RDRs of PCB1 was of ∼7.7 / n (1000-nm-thick RDR) and ∼5.6 / n (500-nm-thick RDR) with n = 10 17 n/cm 2 . However, close to the end of the irradiation (from 5 × 10 17 to 1 × 10 18 n/cm 2 ) the resolution dropped for both to ∼0.5 / n . It is interesting to notice that the change in resistivity of the 500-nm-and 1000-nm-thick samples are very similar, indicating no big impact of the thickness on the final device sensitivity. On the other hand, a dependence of the sensitivity on the geometry has been observed when comparing the two mentioned copper RDRs of PCB1, with respect to the other two copper RDRs on PCB2 (Cu-0.5u and Cu-1u of PCB2 in Fig. 6 ). The firsts are longer RDRs (more fingers, 51 instead of 31), but narrower (10 µm instead of 30 µm). This suggests that a greater sensitivity can be achieved by increasing the overall area of exposed metal (see different area layouts in Fig. 2(a) and (b) , thus increasing the probability of a hit by an incoming particle.
B. Proton Irradiation at CERN-IRRAD
As mentioned in Section IV-D, this irradiation experiment started in June 2017 and since then, it has continuously being irradiated, cumulating about 5 × 10 15 p/cm 2 every week, reaching 5.2 × 10 16 p/cm 2 in September 2017.
Since the beam spot is about 10 mm in diameter, only the four RDRs located next to the connector are being irradiated, while the fifth RDR (on both PCBs is the chromium sample) is getting only the tails of the Gaussian distributed beam, thus negligible with respect to the total fluence collected by the other sensors. Not measuring the Cr samples allowed freeing channels for the readout of NTC temperature sensors [as shown in Fig. 3(b) ]. In addition, one of the sensors (Al-0.5 of PCB1) experienced a failure after two months of irradiation at about 3.7 × 10 16 p/cm 2 . Therefore, only experimental data collected from the remaining seven sensors is discussed here. Fig. 7 shows this data expressed in change of resistance of the RDRs with increasing proton fluence. From the graph it is clear that first, thanks to the stable temperature (21°C ±0.5°C), in the IRRAD bunker (NTC curves in Fig. 7) , no resistance variation can be attributed to temperature variations. Second, the impinging protons are inducing a noticeable damage successfully measurable in a variation of the resistance. Again the copper samples are the ones most affected by the protons, and in particular the 1-µm-thick copper RDR on PCB2 (Cu-1u) is showing the greater variation of almost 19% with respect to its starting resistance, while the aluminum samples stop at about 2.5%. Overall, in the range between 1 × 10 16 and 5.2 × 10 16 p/cm 2 , the copper RDR of PCB2 have shown an initial sensitivity of ∼2.1 / p reduced to ∼0.68 / p toward the end. The other copper RDRs have all about the same constant slope of ∼1.2 / p . The remaining aluminum RDRs stayed at 0% for almost half irradiation time, after which they started raising with a sensitivity of about ∼0.1 / p , where p = 10 16 p/cm 2 for all the previously expressed sensitivities.
As also stated before for the neutron irradiation experiment, the thickness of the RDR does not affect greatly the dosimeter performance. On the other hand, the greater sensitivity could be attributed to the larger number of fingers (31 instead of 13), but narrower (30 µm instead of 40 µm), once again suggesting that the top geometry, as well as the amount of exposed metal, are the key factors controlling the dosimeter sensitivity. Differently from the logarithmic dependence of the neutron irradiated RDRs, in this case all RDRs follow a nearly linear law, apart from the Cu-1u of PCB2, which seems to approach saturation.
VI. DISCUSSION
The two irradiation tests were planned to cumulate as much displacement damage as possible. In the case of the neutron irradiation, thanks to the very high flux, the targeted FCC fluence has been reached and overtaken within five days. On the other hand, in the IRRAD Proton Facility, such high levels can be reached only after very long irradiation runs. While both irradiations qualify for testing material damage due to displacement, the very different particle types, energy spectra, and dose rates, do not allow for a straightforward comparison, and more irradiation data should be collected to find common scaling factors as it was done for silicon [32] . Furthermore, the very dissimilar irradiation conditions in terms of temperature, also introduce a fundamental point of divergence. In this context, the lack of temperature measurement on-board or of the irradiation channel during the neutron irradiation did not allow an appropriate data correction. Nevertheless, in the case of the copper samples, and in some extent also the aluminum RDRs, a clear constant increase is observable (in Figs. 5 and 7) thus meaning that the high irradiation temperature and the daily night stops did not always anneal completely the cumulated damage. Similarly in IRRAD, while no temperature problems have occurred, being kept stable (21°C ± 0.5°C), both copper (in much greater way) and aluminum, have shown a measurable increase in resistance with increasing fluence.
Considering the simulated DPA values shown in Table III , in the case of the proton irradiation, the values are very consistent with the measured data, since copper was correctly predicted to show about 5 times more DPA than for aluminum, and thus, the hypothesis that DPA is directly proportional to the increase of resistivity is verified.
On the other hand, the simulations performed for the DPA generated during neutron irradiation, seem to not correlate with the measurements. This discrepancy could be due to the strong temperature dependence of the resistivity variation in the measured data and this will be furthered investigated during a second neutron irradiation next year.
VII. CONCLUSION
An innovative dosimetry technology for very high fluence monitoring for the FCC at CERN has been discussed in this paper, describing its working principle based on radiationinduced permanent change in resistivity of metal thin film called RDRs).
A special rad-hard FCC-RADMON PCB has been designed for hosting several RDRs made of aluminum, chromium, and copper, of different sizes and with 1000-and 500-nm thicknesses, all entirely produced in cleanroom facilities.
Two irradiation tests have been performed: with neutrons, up to a total fluence of 1 × 10 18 n/cm 2 at the MARK II TRIGA nuclear reactor of JSI in Ljubljana, and with 23-GeV protons, up to a total fluence of 5.2 × 10 16 p/cm 2 at the IRRAD Proton Facility at CERN, Geneva.
The collected experimental data have shown a variation of resistivity with increasing particle fluence, confirming our concept of a dosimeter based on metal thin films. While no significant difference was found between the two chosen thinfilm thicknesses, the variation in the sensitivity to displacement damage can be attributed to different geometries (number of fingers and their width). Even greater impact was observed for different materials: copper samples have shown the highest sensitivity for both irradiation tests, while aluminum and chromium samples exhibited a much weaker response.
Such material dependence has been confirmed by DPA simulations in the case of the proton irradiation, while for the neutron one, the excessive thermal annealing due to the >65°C temperature reached in the reactor during irradiation, have potentially altered the net DPA, thus not matching the resistivity measurement.
A deeper understanding of the effects of very high particle fluence on thin metal films and in particular the physical mechanisms that lead to an increase of the resistivity will be the main focus of our future research.
As first, a larger amount of data will be available once the test in IRRAD will end in December 2017, cumulating a fluence of 1.2 × 10 17 p/cm 2 . In such way, we will have a wider view of the RDRs behavior over the whole FCC range. Second, another irradiation campaign will be performed in 2018 at the JSI TRIGA reactor, with FCC-RADMONs that have previously undergone a full electrical characterization in a climatic chamber, in order to extract the exact temperature coefficients of each device. This will allow fully understanding the effects of temperature on the metal structures, enabling to effectively disentangle the resistivity variation due to displacement from the one due to the temperature increase during irradiation.
In parallel, our research will focus on the basis of radiation damage on copper films, which have shown, in this paper, the best performance as dosimeters. This will be done by testing a wider range of samples, fabricated with different deposition techniques [physical vapor deposition, such as sputter and evaporator, and atomic layer deposition (ALD)], different etching procedures (wet etching, ion beam etching, and liftoff) and with different thicknesses (5 and 50 nm) . In particular, in collaboration with the University of Helsinki, Helsinki, Finland, we are going to study the effects of nonionizing radiation on ALD copper films of few nanometres [33] extending the experimental work presented in this paper for thicker films of 1000 and 500 nm, down to films of 5 nm.
